INTRODUCTION
The major form of cytoplasmic dynein (dynein I; MAP1C) is involved in a wide range of cell movements, including vesicular and macromolecular transport, mitosis, and cell migration. The diversity of functions for this motor protein is matched by the complexity of its regulatory factors. LIS1 is a dynein-interacting protein encoded by the gene responsible for classical (type I) lissencephaly in humans (Reiner et al., 1993) , a severe brain developmental disease. An ortholog of LIS1, NudF, was identified in a common ''nuclear distribution'' pathway with cytoplasmic dynein in Aspergillus nidulans (Xiang et al., 1995) . An additional gene identified in the screen, NudE, has two mammalian counterparts, Nde1 and Ndel1 (protein names NudE and NudEL) (Efimov and Morris, 2000; Feng et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000) .
LIS1 and NudE/NudEL are now understood to have additional, more general functions in the cytoplasmic dynein pathway, including nuclear and centrosomal transport in migrating neurons (Shu et al., 2004; Tsai et al., 2005 , Tsai et al., 2007 , centrosome positioning in migrating nonneuronal cells (Dujardin et al., 2003; Shen et al., 2008; Stehman et al., 2007) , growth cone advance (Grabham et al., 2007) , chromosome alignment, and mitotic spindle orientation (Faulkner et al., 2000; Liang et al., 2007; Siller et al., 2005; Stehman et al., 2007; Vergnolle and Taylor, 2007) .
The specific roles of LIS1, NudE, and NudEL in cytoplasmic dynein regulation are poorly understood. LIS1 associates with mitotic kinetochores via cytoplasmic dynein, rather than the reverse (Coquelle et al., 2002; Tai et al., 2002) , suggesting that LIS1 is not employed in dynein recruitment to these structures. In contrast, NudE and NudEL can recruit both dynein and LIS1 to centrosomes and kinetochores (Guo et al., 2006; Stehman et al., 2007; Vergnolle and Taylor, 2007) . LIS1, NudE, and NudEL interact physically with each other (Feng et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000; Tarricone et al., 2004) and with the cytoplasmic dynein motor and cargo-binding domains (Sasaki et al., 2000; Stehman et al., 2007; Tai et al., 2002) and have been reported to have limited effects on dynein enzymatic activity (Mesngon et al., 2006; Yamada et al., 2008) . LIS1 has also been reported either to stimulate (Sapir et al., 1997) or to suppress microtubule assembly (Han et al., 2001) and to interfere with dynein-mediated microtubule gliding (Yamada et al., 2008) , but its effects on dynein at the single-molecule level are unknown.
In the current study, we used biochemical and biophysical approaches to investigate whether and how LIS1 and NudE might affect dynein motor activity. We find that NudE recruits LIS1 to the dynein molecule, and that, surprisingly, LIS1 binds to the dynein motor domain at the prepowerstoke stage in its crossbridge cycle. Using single-molecule measurements we find that NudE inhibits dynein force production. LIS1 alone or with NudE converts dynein to a sustained-force state and markedly enhances ensemble motor function for high load transport. These data provide insight into the molecular basis for lissencephaly and the mechanism of action of LIS1, NudE, and NudEL in a broad range of biological functions.
RESULTS
Cooperative, Nucleotide-Dependent LIS1, NudE, and Dynein Interactions To define more completely the interactions between dynein and LIS1 or NudE, we used recombinant LIS1 and NudE and purified cytoplasmic dynein from calf brain ) using a method that includes a deaffinity step to specifically deplete kinesin motors as potential contaminants. The purified dynein holoenzyme ( Figure 1D ) is a complex of two 532 kDa heavy chains, the C-terminal 2/3 of which corresponds to the motor domains. The N-terminal dynein tail domains mediate dimerization and interactions with intermediate, light intermediate, and light chains. To examine dynein motor domain interactions specifically, we used a previously characterized 380 kDa baculovirus-expressed C-terminal dynein heavy chain fragment (Hook et al., 2005) .
LIS1 coimmunoprecipitates with the cytoplasmic dynein holoenzyme complex (Faulkner et al., 2000; Smith et al., 2000) and with individual dynein subunits (Sasaki et al., 2000; Tai et al., 2002) , but these interactions are relatively weak (Mesngon et al., 2006) (Figure 1A ). Despite yeast two-hybrid and mammalian cell coexpression evidence for an interaction between LIS1 and the AAA1 ATPase portion of the dynein motor domain (Sasaki et al., 2000; Tai et al., 2002) , we detect no cosedimentation of recombinant LIS1 with the purified 380 kDa baculovirusexpressed dynein motor domain (Figures 2A and 2B ). To test whether this disparity could relate to changes in motor conformational states, we evaluated the effects of nucleotide and nucleotide analogs on the LIS1-motor domain interaction. We observed little or no interaction in the absence of nucleotide or (B) NudE concentration dependence of LIS1-dynein interaction. NudE was added in increasing amounts to a mixture of LIS1 and dynein, and the mixture was adsorbed to protein A beads coated with LIS1 antibodies. Quantitation of dynein (IC) and NudE pulled-down with LIS1 is shown. Dynein binding saturated at 1:1 molar ratio with NudE. Mean of raw band intensity from four experiments is plotted in arbitrary units (a.u.) ± standard deviation (SD). (C) LIS1 and dynein do not compete for NudE. GST-NudE-coated beads were mixed with dynein either in the absence of LIS1 (lane 2) or the presence of 1-(lane 3) or 3-fold (lane 4) molar stoichiometry of LIS1:NudE. The added LIS1 did not substantially affect the amount of dynein that bound to NudE, confirming that NudE can bind both LIS1 and dynein simultaneously (see Figure 7A) Figure S1 .
in the presence of ATP, AMPPNP (not shown), or ADP but a clear interaction in the presence of ATP plus sodium vanadate (VO 4 ), as indicated by a shift in LIS1 to the dynein motor domain peak (molar ratio dynein motor:LIS1 dimer = 1.3; Figures 2A  and 2B) . A similar, nucleotide-dependent interaction is seen between LIS1 and the purified brain dynein ( Figure 2C ). ATP hydrolysis in the presence of VO 4 leads to a dynein-ADP-VO 4 dead-end complex, which is thought to mimic the prepower stroke transition state (Shimizu and Johnson, 1983) , strikingly revealed by electron microscopy (Burgess et al., 2003) . Our results suggest, therefore, that LIS1 interacts with the dynein motor domain at a specific, transient stage in its enzymatic cycle. The interaction site within the motor domain remains to be explored further but could involve AAA1 (Sasaki et al., 2000; Tai et al., 2002) .
NudEL has been reported to interact with the dynein motor domain on the basis of yeast two-hybrid analysis (Sasaki et al., 2000) . We detect no interaction between recombinant NudE and dynein motor domain under any nucleotide condition (Figure S1B available online) but have, instead, observed a clear interaction between NudE and the intact cytoplasmic dynein complex mediated through the intermediate and light chains located in the base of the dynein molecule (Stehman et al., 2007) . NudE and NudEL bind through an unstructured C-terminal domain to dynein, and to LIS1 through a distinct N-terminal coiled-coil domain (Derewenda et al., 2007; Liang et al., 2004; Sasaki et al., 2000; Tarricone et al., 2004; Yan et al., 2003) , leading us to speculate that NudE or NudEL might act to link LIS1 to dynein (Figure 7) . Indeed, in the absence of nucleotide, the ability of LIS1 to pull down purified calf brain dynein was completely dependent on addition of NudE ( Figures 1A and 1B) . The interaction showed a clear NudE concentration dependence and appeared to saturate at a molar stoichiometry of 1:1 NudE:dynein ( Figure 1B ). LIS1 and dynein showed no evidence of competition for NudE binding ( Figure 1C ). Together, our results indicate that LIS1 alone interacts transiently with the dynein motor domain, but that NudE tethers LIS1 to dynein to form a more stable tripartite complex.
We also examined the effects of LIS1 and NudE on dyneinmicrotubule interactions. Alone, neither LIS1 nor NudE bound microtubules ( Figure 2D ). LIS1 had little effect on dynein-microtubule binding in the apo or ATP state ( Figure 2E ) but increased binding 5.1-fold in the presence of ADP-VO 4 ( Figure 2E ). This increase is intriguing because dynein binds weakly to microtubules in this condition (Imamula et al., 2007; Shimizu and Johnson, 1983 ). Thus, our data suggest that LIS1 increases the affinity of dynein for microtubules specifically during the prepowerstroke stage of the crossbridge cycle.
In contrast, NudE decreased dynein-microtubule binding by 60% in the absence of nucleotide, which corresponds to the strong binding (apo) state of the dynein mechanochemical cycle ( Figure 2E ). Little further effect on dynein-microtubule binding was observed in the presence of ATP or ATP plus VO 4 ( Figure 2E ).
LIS1 had no effect on basal or microtubule-stimulated dynein ATPase activity in our assays ( Figure S1A ), in contrast to one report (Mesngon et al., 2006) but consistent with another (Yamada et al., 2008) . However, the microtubule-stimulated component of dynein ATPase activity was inhibited 50% by addition of NudE alone and by 72% with further addition of LIS1 ( Figure S1A ).
Effect of LIS1 on Dynein Behavior in Single-Molecule Assays
To determine the effects of LIS1 and NudE on the behavior of individual dynein molecules directly, we adsorbed dynein to carboxylated polystyrene beads and monitored transport and force production according to established methods (Gennerich et al., 2007; Mallik et al., 2004; Vershinin et al., 2008) . Dynein was applied at dilutions at which %30% of beads bound to microtubules (bead-binding fraction %0.3) to ensure predominantly single-motor events (Svoboda and Block, 1994) . In the absence of applied force, dynein induced bead translocation at 1 mm/s (Figure 3 ), within the range of previous reports (King and Schroer, 2000; Mallik et al., 2005; Ross et al., 2006) but 10-fold faster than recombinant yeast cytoplasmic dynein (Reck-Peterson et al., 2006) . Some bidirectional motion was observed, as previously reported (Gennerich et al., 2007; Mallik et al., 2005; Ross et al., 2006) . Moderate levels of LIS1 did not affect processivity ( Figure 3A ), but net bead velocity was somewhat reduced due to increased bead pausing. Discrete pauses were infrequent at 1:1 LIS1: dynein but increased with LIS1 concentration ( Figure 3C ; note extreme example in Figure S3 ).
To test for effects of LIS1 on dynein force production, optical trapping was employed at single dynein molecule levels. The dynein beads showed clear evidence of force production, as previously described (Gennerich et al., 2007; Mallik et al., 2004 Exponential decay fits are shown in red, and decay constant ± standard error of the mean (SEM) is indicated in each case. A small percentage of beads had bidirectional motion of 2 mm or more in each direction, did not spontaneously detach from microtubules, and were excluded from analysis; such beads showed no force production capacity in either direction and were deemed to be diffusive rather than processive. D and DL processivity values are similar, whereas DNL processivity is clearly increased (p < 0.03). . D (black) and DNL (green) beads show robust motility whereas DL bead movements (dark and light red) are interrupted by pauses that result in a net slow-down of transport. The effect becomes more prominent as the LIS1 concentration increases. See Figure S3 for more extended and extreme examples of bead travel. For all experiments, dynein was first adsorbed to beads, followed as needed by NudE and then by LIS1. of 1.0-1.5 pN (Mallik et al., 2004; Schroeder et al., 2008; Figures 4A and 4B) . Comparable values were obtained with dynein bound directly to beads or through an anti-dynein intermediate chain antibody (1.4 ± 0.2 pN, n = 11; Figure 4B , ''D Ab'') and for chicken and mouse cytoplasmic dynein (1.3-1.4 pN, J. Xu and K. Ori-McKenney, personal communication). Another vertebrate dynein preparation has been reported with a higher stall force when adsorbed nonspecifically to protein A-coated beads, but with differences in several additional properties (Toba et al., 2006) . Yeast cytoplasmic dynein has also been reported to have a higher stall force (Reck-Peterson et al., 2006) , but its 10-fold slower transport rate and C-terminally truncated motor domains suggest a phylogenetic basis for its differences from mammalian cytoplasmic dynein. As reported (Mallik et al., 2004) , clean dynein stalling events could be detected in the optical trap ( Figure 4B , panel ''D stall''; Figure S4 , top), but, more typically, dynein detached before reaching its full stall load ( Figure 4A , panel ''D''). The maximum duration of dynein stalls was 2 s, as reported (Mallik et al., 2004) . In marked contrast, addition of LIS1 induced periods of dramatically sustained load-bearing events (Figure 4 ). These persistent ''stall-like events'' lasted from several seconds to >100 s in the longest case. Periods of sequential stall-like events with only transient interruptions were also common and lasted up to 250 s ( Figure 4B , ''DL,'' additional examples Figure S4 ). Analysis of combined tracings from multiple beads revealed that, in the presence of LIS1, dynein beads spent much more time at higher average forces ( Figure 4C , panels D versus DL).
These effects reflect LIS1-induced alteration of dynein behavior based on several considerations. LIS1 showed no microtubule binding on its own (see above, Figure 2D ), nor did LIS1-coated beads bind microtubules ( Figure S1 ). The LIS1 Figure S4 ). The prolonged dynein stalls induced by LIS1 were eliminated by washing the beads (see Experimental Procedures) in the DL assay (DL washed) but not the DNL assay (DNL washed). These observations support our biochemical results indicating that NudE retains LIS1 in a complex with dynein ( Figures 1A and 1B) . (C) Distribution of forces attained during prominent bead-microtubule binding events sampled in a 4 s window and summed from multiple bead assays (n = 9-23 as indicated). DN shows minimal bead displacement almost symmetrically distributed around the trap center, indicating that bead motion is predominantly due to thermal noise. D alone exhibits a shift to higher forces. The shift is dramatically greater for DL and DNL, indicating higher average force production. Notably, this effect was retained when DNL beads were washed to remove excess proteins from solution (DNLw) but abolished when DL beads were similarly washed (DLw). This suggests that DNL association is stable but the DL one is not.
(D) The fraction of beads exhibiting long force production events (>2 s) is dramatically increased in the presence of LIS1. The effect is again abolished in DL-washed (DLw) but not in DNL-washed (DNLw) assays. Exact CI error bars are reported (see Supplemental Information). See also Figure S4 .
effect on dynein could be eliminated by preincubation of the histagged LIS1 with Ni
2+
-NTA beads (data not shown) and specifically retained by NudE in bead-washing experiments (see below). Finally, LIS1 showed no biochemical interaction with kinesin, nor did it affect kinesin-mediated bead transport or the duration of kinesin stalls ( Figure S2 ).
Effects of NudE and NudE Plus LIS1 on Dynein Behavior in Single-Molecule Assays
In contrast to LIS1, and consistent with its effect on dynein microtubule binding ( Figure 2E ), NudE reduced the frequency of microtubule-binding events by dynein beads ( Figure 3B ). Bead travel in the presence of NudE was typically below the level of noise-driven fluctuations (25-40 nm; Figure 4A , ''DN''). Because of the minimal bead binding in the presence of NudE, the optical trap was needed to hold beads in proximity to microtubules. The overall effect of NudE was a dramatic reduction in dynein-mediated force production ( Figure 4C , ''DN''). As for LIS1, and consistent with our biochemical analysis ( Figure 2D ), beads coated with NudE alone showed no microtubule-binding activity ( Figure S1 and Figure 2D ). Furthermore, NudE showed no binding to kinesin and had little effect on the ability of kinesin beads to bind microtubules or produce force ( Figure S2 ).
To test the combined effects of LIS1 and NudE, we exposed beads to dynein, followed by NudE and LIS1 (see Experimental Procedures). LIS1 rescued the dramatic inhibition of beadmicrotubule interactions observed with NudE alone ( Figure 3B ). Conversely, NudE completely eliminated LIS1-induced bead pausing ( Figure 3C ), as indicated by visual inspection of bead traces and by restoration of average bead velocity (D = 1.05 ± 0.12; DL at 1:10 = 0.23 ± 0.04; DNL at 1:10:10 = 1.04 ± 0.06). In addition, LIS1 plus NudE significantly increased dynein bead processivity relative to dynein-coated beads alone ( Figures 3A  and 3C ). Most significantly, NudE and LIS1 together dramatically increased the duration of dynein stall-like events (Figure 4 and Figure S4 ), but with maximal force levels unchanged.
Our biochemical analysis indicated that NudE mediates the interaction between dynein and LIS1. To test whether NudE recruits LIS1 to dynein in the bead assay, we adsorbed dynein at single-molecule concentrations, followed by LIS1 alone or LIS1 with NudE. We then removed excess proteins by centrifugation and resuspension of the beads in motility buffer alone. For beads exposed to dynein and LIS1, the effect of LIS1 was markedly reduced by washing. For beads exposed to dynein, LIS1, and NudE and then washed, clear preservation of sustained force events was observed (Figure 4 , DL versus DL washed; and DL washed versus DNL washed). We conclude that NudE, indeed, stabilizes the LIS1-dynein interaction in these assays.
Direct Analysis of LIS1-Modulated Dynein Detachment from Microtubules under Load
Pull-off experiments (Evans, 2001 ) assay the strength of proteinprotein interactions directly with high temporal and spatial resolution and were used to measure dynein's affinity for microtubules with or without LIS1 and NudE. When trapped beads had moved 100 nm from the trap center, laser intensity was doubled to exceed the dynein stall force (''superforce''). Typically, after very brief pauses, dynein beads detached from the microtubule and returned rapidly toward the trap center with a t 1/2 = 94.2 ms (Figures 5A and 5B ). In the presence of LIS1, dynein beads remained attached up to 1-2 s (t 1/2 = 540.9 ms; Figures 5A and 5B, panels ''DL''). LIS1 and NudE combined also increased the duration of binding relative to dynein alone, though less substantially. Thus, LIS1 allows dynein to remain bound longer under load, indicating that LIS1 increases the effective strength of the dynein-microtubule interaction.
Effects of NudE and LIS1 on Dynein Behavior in Multiple-Motor Assays
How multiple motors function together to achieve active transport is only partially understood. To explore how LIS1 and NudE affect the behavior of multiple dynein motors, we conducted ''trap escape'' assays using beads incubated with increased concentrations of dynein. Force production was monitored for two different force/motor-number combinations, using either a 1.8 pN escape force (requiring two motors to escape, Figure 6B , left) or a 3.7 pN escape optical trap (sufficient to prevent two but not three dynein motors from escaping, Figure 6B , right). The addition of LIS1 and NudE caused a significant increase in the number of beads able to escape from the optical trap along microtubules ( Figures 6A and 6B ), consistent with a dramatic improvement in multiple-motor performance.
To determine whether the large improvement in multiplemotor performance could be explained by the LIS1-induced decreased detachment rate under load, we modeled single dynein motor activity using a Monte-Carlo approach used for kinesin (Kunwar et al., 2008) but reflecting unique features of dynein motility (most notably non-negligible back-stepping probability even under zero load). Importantly, modeling was highly constrained by experimental data, especially microtubule dissociation rate and stall force (this study) and back-stepping rate (Mallik et al., 2005) . Dynein motility modeled in this way was similar to the experimentally observed records ( Figure S5A ). We then expanded the single dynein model to simulate two or more motors functioning together to match each of the two experimental conditions (Figure 6 ) for motor ensemble performance under load. Thus, motor number was adjusted in the simulation until the correct proportion of dynein-only beads escaped from the trap ( Figure 6B , bars labeled ''detach high''). The simulations for the dynein-NudE-LIS1 case were then performed identically, except for the change in individual motor detachment rate under load ( Figure 5 ). This theoretical change in single-molecule properties indeed yielded a predicted change in ensemble motor function, so that the resulting frequency of high-force motility events was very comparable to the trap escape frequency we observed experimentally due to addition of NudE and LIS1 ( Figure 6B , bars labeled ''detach low,'' Figure S5B ), with no additional adjustments or free parameters required. Thus, the modeling suggests that the improved multiple-motor behavior observed experimentally can be entirely explained by the measured cofactor-induced changes in singlemolecule function. Technical details of the theoretical modeling are provided in the Experimental Procedures and the Extended Experimental Procedures. DISCUSSION LIS1, cytoplasmic dynein, NudE, and NudEL have long been known to function in a common genetic pathway. The mechanistic implications of the interactions among these proteins have remained a major question in the field of developmental neuroscience, motor protein research, and cell biology. NudE and NudEL have been implicated in some aspects of dynein recruitment to subcellular sites, but this has not been the case for LIS1, and its functions as well as how its activity may be modulated by NudE and NudEL have remained largely unknown.
LIS1 is essential for neuronal migration, based on the altered distribution of neurons in the lissencephalic brain (Dobyns, 1987; Hirotsune et al., 1998; Reiner et al., 1993) To test the effect of NudE and LIS1 on multiple dynein motors, beads were incubated with concentrations of dynein above those used for singlemolecule experiments.
(A) Force records from individual beads exposed to dynein (D) or the same amount of dynein followed by NudE and LIS1 (DNL). High force events can be observed (blue arrows), as can bead escapes from trap confinement (red bracket).
(B) Quantification of trap escape. The fraction of high force events resulting in escape was scored for D versus DNL at low (left) and high (right) concentrations of applied dynein (dark gray bars, n = 20 in each case). Maximum trap force was estimated at 1.8 pN and 3.7 pN for these two assays, respectively (therefore, synergistic activity of R2 and R3 motors was required for a successful escape event to occur in these two assays, respectively). The frequency of trap escapes was clearly increased in DNL versus D alone. Theoretical modeling (light gray bars) conservatively assuming a 50% change of time to detachment for each dynein motor (cf Figure 5B ) is predicted to be sufficient to account for the observed difference between D and DNL escape frequencies (see Extended Experimental Procedures). Schematic diagram of the experiment (left of each histogram): the bead (green) with motors attached to its surface (rose) is held near a microtubule (blue) by an optical trap (hyperboloid shape). Trap strength (red curve) rises approximately linearly as the distance from trap center grows, then saturates and finally decays to zero. Exact CI error bars are reported (see Extended Experimental Procedures). See also Figure S5 . embryonic brain tissue (Tsai et al., 2005) . No other dyneinrelated effects have been reported to be altered in humans with LIS1 mutations or in mouse models. LIS1 dominant-negative cDNAs had potent effects on cell migration and division, but not on other dynein functions such as Golgi, endosome, and lysosome positioning (Faulkner et al., 2000 , though see Smith et al., 2000) . LIS1 may, thus, contribute to a subset of cytoplasmic dynein functions, but the nature of its specific role has been obscure. Here we identify LIS1 and NudE as regulators of dynein force production, the first such proteins implicated in this role. How this behavior relates to the biological functions of LIS1 is discussed below.
LIS1-NudE-Dynein Complex
Despite prior evidence for a LIS1-dynein motor domain interaction (Sasaki et al., 2000; Tai et al., 2002) , it must be very weak or transient in view of the lack of binding we typically observe between the purified components ( Figure 1D ). We find, however, that NudE can mediate LIS1 binding to the dynein complex in an efficient, saturable, and apparently stoichiometric manner ( Figures 1A, 1B, and 7) . Consistent with this conclusion, NudE retained LIS1 on dynein beads washed to remove free protein ( Figures 4A, 4C, and 4D) .
Our data provide evidence for a triple complex of LIS1, NudE, and cytoplasmic dynein, with a potential structural arrangement as shown in Figure 7B . NudE and NudEL interact via an unstructured C-terminal domain with the dynein intermediate and light chains (Stehman et al., 2007) at the base of the dynein molecule ( Figure 7B ). LIS1, in contrast, interacts within the N-terminal coiled-coil region of NudE and NudEL (amino acids 103-153 and 102-152, respectively) (Derewenda et al., 2007; Sasaki et al., 2000) ( Figure 7B ). The LIS1 site, therefore, can be estimated to lie approximately 15 nm from the C terminus of NudE. As depicted in Figure 7B , association of NudE with the intermediate and light chains at the base of the dynein molecule could, therefore, place LIS1 close to the motor domains. Whether NudE and LIS1 are oriented in this manner is unknown. However, our biochemical and biophysical evidence that LIS1 linked to dynein through NudE remains capable of altering dynein motor function makes this an appealing speculation.
We suggest, therefore, that NudE and NudEL serve in communication between the dynein tail and motor domains. Nonmuscle myosin II isoforms, myosin V, and some kinesins each exhibit such a mechanism, but through direct intramolecular interactions between tail and motor domains (Dietrich et al., 2008; Krementsov et al., 2004; Scholey et al., 1980; Stock et al., 1999; Wang et al., 2004) . Such a feature is as yet unknown for cytoplasmic dynein. Our results suggest that NudE and/or NudEL could play such a role, though as the first extramolecular factors with such a function.
Effects of LIS1 and NudE on Dynein Motor Activity
We find LIS1 and NudE each to have dramatic effect on cytoplasmic dynein motor activity in our single-molecule assays. LIS1 prolonged dynein force-producing events, often for substantial periods of time. LIS1 likely acts at a precise stage in the dynein crossbridge cycle, as it bound to the dynein motor domain only in the presence of ATP plus VO 4 (Figure 2A ), which arrests dynein at the prepowerstroke state. LIS1 also caused a 5-fold enhancement of dynein binding to microtubules under these conditions ( Figure 2E ), suggesting a specific increase in microtubule affinity in the prepowerstroke stage. Single-molecule superforce experiments ( Figure 5 ) showed a decreased rate of dynein dissociation from microtubules under load, consistent with increased affinity (Gebhardt et al., 2006; Veigel et al., 2005) . Together, our results reveal that LIS1 prolongs the interaction of dynein with microtubules, specifically during the prepowerstroke and possibly the powerstroke states. A similar transition state-specific interaction involving the bacterial enhancer-binding protein (EBP), another member of the AAA+ protein family, was recently reported , suggesting that transition state interactions may be an evolutionarily conserved mechanism in this extended protein superfamily.
NudE affected dynein behavior in a manner opposite from LIS1, but apparently at a different stage of the dynein crossbridge cycle, corresponding to the apo state. We observed no (Stehman et al., 2007) predicts an association of the NudE C terminus with the base of the dynein molecule, with its coiled-coil domain postulated to protrude as shown. The calculated distance between the NudE-dynein site and the known LIS1-binding site in the middle of the NudE coiled-coil a-helical tail (Derewenda et al., 2007) is proposed here to be sufficient to allow NudE to position LIS1 near the dynein motor domains. LIS1 is shown unbound to the dynein motor domain as we observe under most conditions but is proposed to bind specifically in the ADP-VO 4 prepowerstroke state (Figure 2 ).
binding of NudE to the dynein motor domain under any nucleotide condition ( Figure S1B ), in contrast to LIS1. However, NudE strongly decreased the ability of the purified brain dynein complex to bind to microtubules, and, in bead assays, single dynein-microtubule interactions were almost eliminated. Whether this potent NudE inhibition results from steric hindrance of the motor-microtubule interaction or more direct regulation of motor activity is uncertain. We do not confirm a previously reported weak interaction between NudEL and fragments of the dynein motor domain (Sasaki et al., 2000) . This may be a result of the use of the complete motor domain in the current study, which we find to be physically and enzymatically very well behaved (Hook et al., 2005) . The combination of LIS1, dynein, and NudE produces what appears to be a streamlined molecular machine converted to function in sustained force production. The LIS1-induced pauses observed in freely moving beads are eliminated by the addition of NudE, and dynein processivity is increased, while prolongation of force-producing events persists. Furthermore, the concentration of LIS1 required for this effect appears to be greatly reduced, as the ability to induce prolonged force events persists following bead washing ( Figures 4A and 4C) . We hypothesize that these results reflect retention of LIS1 to dynein in the presence of NudE. In addition, we hypothesize that LIS1 is stereospecifically positioned by NudE for greater efficiency of dynein force regulation ( Figure 7B ).
We observed clear inhibition of microtubule-stimulated dynein ATPase activity by NudE alone and NudE plus LIS1 ( Figure S1A ), though we saw little effect of LIS1 alone. This result may simply reflect the preferential effect of LIS1 on dynein under load. It is also possible that dynein ATP hydrolysis persists during the stalled state, either from activity at the principal ATPase site, AAA1, or at the subsidiary sites (Kon et al., 2004) . ATPase and microtubule-binding activity can be uncoupled in dynein stalk mutants (Kon et al., 2009) , and it is conceivable that LIS1 could contribute to comparable effects. An earlier study also found little effect of LIS1 on dynein ATPase activity (Yamada et al., 2008) , though another study found a modest 40% stimulation (Mesngon et al., 2006) . Further research will be needed to clarify what effects LIS1 may have on the complex dynein ATPase cycle.
Biological Implications
Our data have important biological implications. LIS1 is required for cytoplasmic dynein activities that appear to involve very high load, including transport of, or tension on, nuclei, chromosomes, and even the entire microtubule cytoskeleton (Grabham et al., 2007; Tsai et al., 2007) . Nuclei, in particular, show signs of extreme distortion as they attempt to advance within migrating neurons against great resistance (Tsai et al., 2007) . This resistance is overcome by LIS1 and dynein in control cells, but it is blocked by LIS1 or dynein RNAi (Tsai et al., 2007) . By conferring on dynein the ability to resist release from microtubules under load, we envision that LIS1 permits the summation of individual dynein forces, resulting in greatly increased average force production. This is consistent with theoretical studies indicating that force-detachment kinetics affect ensemble motor function (Kunwar et al., 2008) . Nuclear oscillatory movements in S. pombe have been estimated to require 50 dyneins (Vogel et al., 2009) , many more than the 3-5 molecules reported for small membranous organelles (Shubeita et al., 2008; Soppina et al., 2009) . Our test for LIS1-NudE stimulation of multimotor transport showed a dramatic increase in the ability to escape from an optical trap under high force conditions. These results reveal that, although individual dynein molecules are stalled under load in the presence of LIS1 and NudE, additional dynein-LIS1-NudE complexes strongly enhance the ability to move along microtubules under opposing loads. In silico modeling yielded virtually identical results ( Figure 6B and Figure S5 ). We believe our results, therefore, explain the role of LIS1 in nuclear movement and likely in several additional cellular functions, including transport of large arrays of microtubules in radially migrating neurons and other cell types, mitotic spindle orientation, and aspects of chromosome movement. In contrast, we have found that small vesicular dynein cargoes showed no change in subcellular distribution in cells expressing LIS1 dominant-negative cDNA (Faulkner et al., 2000) , and dynein-transported virus particles showed no detectable sensitivity to LIS1 inhibition (Bremner et al., 2009) . Whether LIS1, nonetheless, could have some role in low load functions remains to be investigated more fully.
NudE and NudEL have been found to recruit dynein to kinetochores (Liang et al., 2007; Stehman et al., 2007; Vergnolle and Taylor, 2007) , centrosomes (Guo et al., 2006) , and possibly other structures. Therefore, we propose that these proteins target dynein and LIS1 to specific subcellular sites and, together with LIS1, control dynein force production as required. NudE and NudEL may have the additional function of silencing dynein at these sites until LIS1 is available, as suggested by the effects of NudE on single dynein molecules in the current assays.
EXPERIMENTAL PROCEDURES Protein Purification
Bovine or rat brain cytoplasmic dynein, baculovirus-expressed dynein motor domain, and recombinant NudE were purified as described (Hook et al., 2005; Stehman et al., 2007) , except that the GST tag was removed from the NudE by PreScission protease cleavage (GE Biosciences). African green monkey LIS1 (Faulkner et al., 2000) was cloned into the Bac-N-Blue baculovirus system (Invitrogen) with an N-terminal His 6 -tag and expressed according to the manufacturer's protocols. Recombinant kinesin (K560, Addgene-Cambridge, MA, USA) was expressed and purified using standard procedures.
Immunoprecipitations
Immunoprecipitation was performed using streptavidin beads (Invitrogen) incubated with a biotinylated monoclonal anti-His 6 antibody (QIAGEN) and then incubated with His 6 -tagged LIS1 for 1 hr on ice. The beads were then mixed with NudE and/or dynein at 4 C for 1 hr in Tris-KCl buffer. Beads were then washed five times with buffer and samples were processed for western blot analysis using a LI-COR Odyssey imaging system.
Microtubule Binding
To assay effects of LIS1 and NudE on dynein microtubule binding, the proteins were mixed together at a 1:10 (Dyn:LIS1/NudE) ratio and incubated with 1 mg/ml final concentration of taxol-stabilized microtubules (Cytoskeleton, Inc.) and indicated nucleotides for 10 min at 37 C. ATP concentration was 10 mM with or without equimolar VO 4 .
Bead Assays
Bead assays, including force measurements, and video recording and analysis of bead motion were performed essentially as previously described (Mallik et al., 2004; Vershinin et al., 2007) (for small exceptions, see Extended Experimental Procedures). Protein adsorption on beads was done via sequential incubations (10 min at room temperature) with motors, blocking agent (5.5 mg/ml casein), and dynein cofactors (LIS1 and NudE). Cofactors were removed by centrifugation in the ''washed'' assays and were left in solution in the ''unwashed'' assays. For data in Figure 4B (D Ab), the antibody was first nonspecifically adsorbed on beads followed by casein blocking and incubation with dynein (buffer exchanged at each step).
Superstall Experiments
Beads driven by a single dynein motor were subjected to 2 pN of force (superstall condition) via a rapid change in optical trap stiffness. The duration of a superstall event was identified as the subsequent time for bead position to return to trap center.
Multiple-Motor Escape Experiments
Beads incubated with identical amounts of dynein in the presence or absence of NudE and LIS1 (parallel assays) were tested for ability to escape a trap of fixed stiffness. 
